It is generally agreed that human influenza virus preferentially binds to α-2,6-linked sialic acid-containing receptors, and mutations that change the binding preference may alter virus infectivity and host tropism. Limited information is available on the glycan-binding specificity of epidemic influenza viruses. In this study, we systemically investigated the glycan-binding preferences of human influenza A(H3N2) viruses isolated from 1999 to 2007 in Taiwan using a high-throughput carbohydrate array. The binding patterns of 37 H3N2 viruses were classified into three groups with significant binding-pattern variations. The results showed that the carbohydrate-binding patterns of H3N2 varied over time. A phylogenetic analysis of the hemagglutinin gene also revealed progressive drift year to year. Of note, the viruses that caused large outbreaks in 1999 and 2003 showed glycan-binding preferences to both α-2,3 and α-2,6 sialylated glycans. Twenty amino acid substitutions were identified primarily at antigenic sites that might contribute to H3N2 virus evolution and the change in the glycanbinding patterns. This study provides not only a systematic analysis of the receptor-binding specificity of influenza clinical isolates but also information that could help to monitor the outbreak potential and virus evolution of influenza viruses.
Introduction
Influenza A viruses cause major respiratory tract infections in humans and are responsible for annual seasonal influenza epidemics and occasional global pandemics. The influenza virus is a member of family Orthomyxoviridae and contains a segmented, negative-stranded RNA genome in an enveloped virion [1] . The influenza A virus caused three human pandemics in the 20th century: the Spanish flu of 1918 (H1N1), the Asian flu of 1957-1958 (H2N2) , and the Hong Kong flu of 1967-1968 (H3N2) . Among these subtypes, H1N1 and H3N2 continue to circulate in the human population, leading to annual epidemics. The H1N1 subtype is PLOS ONE | https://doi.org/10.1371/journal.pone.0196727 May 10, 2018 1 / 15 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
responsible for the fourth recorded influenza pandemic, A(H1N1)pdm09, which emerged from a strain previously sustained outside of the human population [2, 3] . The influenza A virus hemagglutinin (HA) is a homotrimeric glycoprotein that initiates infection by allowing the virus to attach to host cell sialic acid and mediates fusion of the viral and endosomal membranes [4] . HAs from different species differ in their receptor-binding specificities. It is generally accepted that human influenza viruses predominantly bind to sialic acid with α-2,6 linkages, whereas the HAs from avian influenza viruses predominantly recognize sialic acids with α-2,3 linkages to the underlying sugar. In addition, α-2,3-and α-2,6-linked sialic acid are heterogeneously distributed in the human respiratory tract. Sialic acid with α-2,6 linkages was dominant on epithelial cells in the upper human respiratory tract, while sialic acid with α-2,3 linkages was found in the lower human respiratory tract, such as non-ciliated bronchiolar cells and alveolar cells [3, 5] . Apart from the receptor-binding specificity, this HA-glycan interaction plays an important role in virus infection, tissue tropism, virulence, and interspecies transmission of influenza A viruses [6] . A switch in HA receptor specificity from α-2,3 to α-2,6 sialylated glycans could be imperative for the efficient transmission of these viruses [7] . However, previous studies have shown that the classification of the glycan-binding preferences of different HAs based on sialic acid linkage alone is insufficient to establish a correlation between HA receptor specificity and the efficient transmission of influenza A viruses [6] . Elucidating the characteristics that underline adaptation in humans in greater detail is currently possible using glycan arrays. HAs from a number of H1N1, H3N2, and H5N1 strains and their mutants have been analyzed on glycan arrays to assess binding to previously defined glycan structures [8] [9] [10] .
Several studies have screened human H3N2 influenza viruses or recombinant HA proteins on the Consortium for Functional Glycomics (CFG) glycan array. H3N2 shows great diversity in the substructures bound by different strains in these studies [10] [11] [12] . In our previous study, we established a simple high-throughput platform to characterize the carbohydrate-binding preferences of influenza B viruses isolated from Taiwan and found that the glycan-binding preference was correlated with the HA genotype and clinical manifestations [13] . The receptor-binding preferences and evolution of human H3N2 clinical isolates have not been studied in detail. Therefore, we performed a comprehensive analysis of the glycan-binding profiles of human seasonal influenza A(H3N2) viruses isolated from 1999 to 2007 to explore the receptor-binding specificity and to correlate the epidemic potential with their carbohydrate-binding preferences. The patterns among glycan-binding preferences, genetic variations, phylogenetic evolution, and epidemiology over a nine-year period are discussed.
Materials and methods

Viruses and clinical cases
The human influenza H3N2 viruses used in this study were collected from the Virology Laboratory of National Cheng Kung University Hospital from 1999 to 2007. Throat and nasal swabs from patients with flu-like syndromes were collected by sentinel and National Cheng Kung University Hospital physicians regardless of age. Influenza A(H3N2) virus infection of cells was confirmed by the use of monoclonal antibodies for influenza A(H3N2) viruses (Chemicon, Inc.). We randomly selected 5-10 strains per year for glycan-binding analysis and sequencing.
Amplification and purification of clinical influenza isolates
For virus preparation, stock viruses were propagated in Madin-Darby canine kidney (MDCK) cells (less than 4 passages) as previously described [14] and the vial titers of the clinical isolates were in the range of 64-512 HA units prior to concentration. For virus inactivation, a 100 μl stock of 5% merthiolate in PBS was added to 50 ml of the viral suspension to obtain a 1:10,000 final concentration of merthiolate and incubated at 4˚C overnight [15] . The viral particles were then pelleted by ultracentrifugation in a 70 Ti rotor at 100,000 x g for 4 h purified through a 10-50% sucrose density gradient. The purified viral particles were re-suspended in PBS, and the protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA).
Glycan microarray analysis
This platform is a non-washing, homogeneous solution carbohydrate array that uses polyacrylamide (PAA)-based glycans as previously described [16] . Briefly, donor beads (500 ng/well) and biotin-PAA-sugars (20 ng/well) (GlycoTech, Gaithersburg, MD, USA) were mixed with inactivated viral particles (20 ng/well for a total of 15 μl) and incubated for one hour. The mixture of acceptor beads (500 ng/well), mouse anti-HA antibody (30 ng/well) (Abcam, Cambridge, UK), and rabbit anti-mouse IgG antibody (25 ng/well) (Zymed, San Francisco, CA, USA) was added to a final volume of 25 μl (Fig 1) . After 2 h of incubation, the binding signals were obtained on a PerkinElmer Envision instrument using the ALPHAScreen TM program as previously described [16] . The results were presented as the relative strength of the highest fluorescence intensity in the same assay batch. A relative strength higher than 40% was considered a strong binding capacity and a relative strength lower than 20% was considered a weak interaction. As controls, the recombinant HA of H5N1 (Vietnam/1203/04) was added to wells in the same assay batch. This figure is modified from our previous publication [16] . Briefly, donor beads (500 ng/well) and biotin-PAA-sugars were mixed with inactivated viral particles. The mixture of acceptor beads, mouse anti-HA antibody, and rabbit anti-mouse IgG antibody was added. The binding signals were obtained on a PerkinElmer Envision instrument using the ALPHA Screen
Nucleotide-sequencing analysis
Viral RNA was extracted using a QIAamp kit. The primers and cycle conditions for RT-PCR and sequencing were previously described [14] . The nucleotide sequence of the purified DNA was determined using an automated DNA sequencer. A BigDye1 Terminator v3. 
Phylogenetic analysis
Phylogenetic comparisons were performed using version 3.573c of the Phylogeny Inference Package (PHYLIP) as previously described [14] . Consensus neighbor-joining trees were obtained from 1,000 bootstrap replicates of aligned HA1 sequences (amino acid positions 2 to 290) from different influenza H3N2 isolates. The branch length was estimated by the maximum likelihood method and bootstrap values >70% are indicated. Vaccine strains are indicated with an asterisk ( Ã ). The GenBank accession numbers for the vaccine strains are provided in brackets next to the virus name.
Nucleotide sequence accession numbers
The influenza virus isolates used in this study were deposited in the GenBank database and assigned the accession numbers KU662097-KU662129 and MG309818-MG309872 (also see S1 Table) .
Results
Glycan-binding profile of 37 human seasonal influenza A(H3N2) clinical isolates
Thirty-seven H3N2 clinical isolates were successfully subjected to our glycan microarray analysis. The individual glycan structures are listed in Table 1 . The binding profiles of whole virions to 30 sialoglycans on the glycan array allowed the categorization of the virus isolates into three groups (Fig 2) . Group 1 viruses preferentially bound both to five α-2,6 sialylated glycans (NeuAcα2-6GalNAc, NeuAcα2-6Galβ, 6'sialyl-lactose, Galβ1-3(NeuAcα2-6)GalNAcα, and α2-6 sialylated diantennary N-glycans; glycans 23, 24, 26, 27, and 28) and seven α-2,3-linked sialylated glycans (NeuAcα2-3Gal, 3'sialyl-lactose, NeuAcα2-3Galβ1-4GlcNAcβ, NeuAcα2-3Galβ1-3GalNAcα, NeuAcα2-3(NeuAcα2-6)GalNAc, sialyl Le a , and sialyl Le x ; glycans 14, 16, 17, 19, 20, 21 , and 22; Fig 2A) . Group 2 bound predominantly to three of the α-2,6-linked glycans (NeuAcα2-6GalNAc, 6'sialyl-lactose, and α2-6 sialylated diantennary N-glycans; glycans 23, 26, and 28; Fig 2B) but had weak interactions with NeuAcα2-6Galβ, NeuGcα2-6GalNAc, and Galβ1-3(NeuAcα2-6)GalNAcα(glycans 24, 25, and 27) and the α-2,3-linked sialylated glycans. In contrast to group 2, group 3 viruses had weak interactions with the α-2,6-linked sialylated glycans but specifically bound to six α-2,3-linked sialylated glycans (NeuAcα2-3Gal, 3'sialyl-lactose, NeuAcα2-3Galβ1-4GlcNAcβ, NeuAcα2-3Galβ1-3GalNAcα, NeuAcα2-3 (NeuAcα2-6)GalNAc, and sialyl Le x ; glycans 14, 16, 17, 19, 20 , and 22; Fig 2C) . Interestingly, although they belonged to the same H3N2 genotype, the group 1 isolates exhibited broader receptor-binding specificity than the group 2 and 3 viruses.
Patterns of glycan-binding preferences, epidemiology, and phylogenetic analysis
To investigate whether the glycan-binding specificity of influenza A(H3N2) viruses correlated with epidemiology and virus evolution, the glycan-binding patterns of these H3N2 clinical isolates were grouped by years and compared to the monthly distribution of H3N2 isolate counts and the total number of influenza virus-positive isolates per month from 1999 to 2007 based on the collection by the Clinical Virology Laboratory of National Cheng Kung University Hospital. As shown in Fig (Fig 3) . To explore H3N2's genetic evolution, we examined the HA sequences (nucleotide positions 52-915 of A/Brisbane/10/2007) of the strains circulating in Taiwan from 1999 to 2007 by phylogenetic analysis. The phylogenic trees of the HA1 genes adopted a ladder-like structure with progressive drifts over time, revealing that continuous evolution occurred in the H3N2 isolates during this period (Fig 4) . In addition, we also added the glycan-binding preferences of those that have been tested in carbohydrate array with different symbols into were mixed glycan groups in the same year, the carbohydrate-binding patterns of H3N2 also revealed continuously changing patterns during the study period.
Amino acid substitutions in HA sequences of H3N2 viruses
To evaluate whether any amino acid substitutions contributed to the different glycan-binding preferences of the H3N2 influenza viruses, we aligned the viral HA sequences. The amino acid variations are shown in Table 2 with the antigenic sites indicated. The results showed that no specific sequences were associated with the α-2,3-or α-2,6-binding preferences of the H3N2 viruses. To analyze the accumulated substitutions involved in the evolution of the HA gene, we compared 160 available HA sequences from Taiwan human H3N2 strains collected from 1999 to 2007, including 126 strains retrieved from the GenBank database. The results showed that the greatest variation (six amino acid substitutions) was noted at antigenic site B, which was similar to previous observation [17] (Table 3 and Fig 5) . Six waves of substitutions were observed when the HA1 gene sequences from 1999 to 2007 were compared. In 1999-2001, Table 1 and are designated by numbers (x axis). The H3N2 clinical isolates were divided into 3 groups according to their binding preference. Group 1 viruses preferentially bound to both α-2,3 and α-2,6-linked sialylated glycans (A), group 2 viruses preferentially bound to α-2,6-linked sialylated glycans (B), and group 3 viruses specifically bound to α-2,3-linked sialylated glycans (C). (Fig 3) , especially at residues 193, 225, and 226, which have been reported to be important determinants for receptor-binding specificity [18, 19] . However, no specific sequence changes were correlated with different glycan-binding preferences. Identifying the dominant determinants for the glycan-binding preferences requires further investigation.
Discussion
The binding of the influenza viral HA protein to the sialic acid-containing receptors on the surface of host cells is the key first step to initiate viral entry and infection. This study performed a systematic investigation of the glycan-binding biology of HA using human seasonal influenza A(H3N2) clinical isolates from Taiwan over a nine-year time period based on the glycan array. The binding patterns were successfully profiled for all studied viruses. Each virus exhibited a different and clear pattern, thereby enabling characterization. The H3N2 viruses isolated from 1999 to 2007 were classified into three groups based on their binding patterns. The data also revealed that the changes in the carbohydrate-binding patterns of the H3N2 viruses varied over time, which was similar to the phylogenetic analysis patterns. Although the specific HA amino acid sequences that might contribute to the different glycanbinding preferences were not identified, some amino acid variants located at antigenic sites or near the receptor-binding sites of H3N2 were observed. To the best of our knowledge, this is the first report to systematically analyze the glycan-binding biology of clinical human influenza A(H3N2) viruses circulating in Taiwan. Influenza viruses infect approximately 5% to 15% of the global population, resulting in an estimated 3-5 million hospitalizations and approximately 500,000 deaths annually [20, 21] . The influenza A(H3N2) virus is currently the major cause of human influenza morbidity and mortality worldwide and shows the strongest antigenic drift [22, 23] . The receptor-binding specificity of H3N2 influenza viruses has been studied by several researchers. For example, Kumari et al. used fluorescently labeled virions to identify potential receptors for human H3N2 viruses with different abilities to agglutinate chicken erythrocytes using the Consortium for Functional Glycomics (CFG) glycan array. The results revealed that all recent H3N2 viruses exclusively bound to a subset of α-2,6 sialysaccharides [10] . Other researchers also examined human H3N2 viruses or recombinant HAs using the same platform. These studies observed that the binding patterns of different isolates had substantial diversity in their glycan substructures [11, 24, 25] . Our results were in agreement with these reports and also showed diverse variations between different isolates, with some isolates specifically binding to α-2,3 sialylated glycans. Moreover, previous studies indicated that H3N2 human isolates lost their ability to bind to the avian receptor in the 1990s, although viruses isolated since 2003 regained the ability to agglutinate chicken erythrocytes [10, 26] . Some studies demonstrated that viruses with a reduced ability to bind to both the human and avian receptors exhibited impaired growth in eggs and different cells in culture [25, 27] . In our study, we also observed that viruses isolated in 1999 bound to both α-2,3 and α-2,6 sialylated glycans, whereas viruses isolated in 2001 and 2002 showed a reduced binding affinity for α-2,3 sialylated glycans. The viruses isolated from 2003 re-acquired the ability to bind to glycans with α-2,3 linkages. The viruses isolated in 2004 exhibited reduced binding affinity for α-2,3 sialylated glycans again and re-acquired the ability to bind to α-2,3 sialylated glycans in 2005. Determining whether viruses with different affinities for α-2,3 and α-2,6 sialylated glycans exhibit differences in growth in eggs and cell cultures requires further investigation. 
The development of glycan arrays in the early 2000s revolutionized influenza virus receptor-binding specificity research [28] . The glycan array is a good tool to investigate how HA- binding preferences of influenza viruses vary for the increasingly specific types of sialic acids. The glycan microarray is also a powerful tool to examine carbohydrate-protein interactions and provides a new platform for the characterization of influenza viruses by subtyping [29] . The glycan array used in this study was a solution array that was performed in a homogeneous solution, thereby avoiding the loss of weak binding partners during the repeated washes of the glycan microarrays. However, antigen/ligand excess effect may occur in this solution assay if the concentrations of proteins or antibodies are too high. To improve the binding signals between carbohydrates with protein/virus, we used polyacrylamide-backboned oligosaccharide substrates in this assay to enhance the multivalence. In addition, radical scavengers in reaction mixture may reduce the signal and result in false-negative results [30] . However, this method could provide good sensitivity (i.e., femtomole detection under optimized conditions) by relying on the binding affinity between analyses. Our previous study had demonstrated that the solution carbohydrate array provides a useful tool that is comparable to the other methods [16] . A previous study used CFG arrays to examine the binding properties of the major variants of human H3N2 viruses from 1968 to 2012 and found that the viruses isolated from 1997 to 2008 bound strongly to long polylactosamine chains terminating in sialic acid and had lost their ability to bind short branched α-2,6 sialylated glycans [12] . This phenomenon was not clearly observed in our study. Therefore, the binding preference of H3N2 influenza viruses in this study was different from other studies possibly due to the use of different detection methods. The influenza virus undergoes rapid evolution in nature by both genetic shift, where one (or more) of the eight gene segments is exchanged from one virus to another [31] , and genetic drift, whereby mutations accumulate in viral genes [32] presumably due to the relatively errorprone replication of the viral RNA [33] .The antigenic shifts continuously change every two to three years. In this present study, we explored whether H3N2 evolution affects the glycanbinding patterns. The results indicated that the year-to-year variation and continuously changing receptor-binding specificity patterns of the H3N2 viruses were similar to the phylogenetic analysis results. Additionally, the binding preferences of H3N2 viruses collected in 1999 and 2003 were more consistent between different isolates than the viruses collected in the other years, and we also noted that these viruses caused large outbreaks in Taiwan showed glycanbinding preference to both α-2,6 and α-2,3 sialylated glycans. Previous studies showed that the various binding preferences of H3N2 viruses had no apparent consequences for disease or spread [12] , and our research revealed similar results that the glycan-binding preferences did not significantly correlate with the epidemiology. Although the specific sequences associated with different binding preferences were not identified, we observed obvious changes in the gly- . These three amino acids have been reported to be important residues for determining receptor specificity [18, 19] . Because the antigenic differences and changes in the sialic acid receptor-binding properties of HA play important roles in the mechanisms underlying influenza virus evolution, identifying the dominant determinants for the glycan-binding preferences warrants further investigation.
In conclusion, we successfully examined the glycan-binding specificities beyond the α-2,6 and α-2,3 linkages of influenza A viruses using a glycan solution array platform. We also demonstrated that the glycan-binding patterns of human H3N2 changed year to year and the viruses that exhibited broad receptor-binding specificity appeared to relate to large outbreaks in 1999 and 2003, but the correlation remains to be determined. Future influenza pandemics seem inevitable, and predicting the potential HA subtypes that will emerge is a challenging task [34] . This study provides a systematic analysis of the receptor-binding specificities of influenza clinical isolates and information that could help monitor the pandemic potential and evolution of influenza viruses. 
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